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GRAF1-dependent endocytotic processes
and the Golgi apparatus contribute to
previouslyunrecognized intermediate stages
of early ciliogenesis

Kerstin N. Schmidt1,4, Korbinian Buerger1,4, Olga Maier1, Anita Zügner1,
Larissa Osten1, Patrick Hofstetter1, Helga Othmen1, Yulia Zaytseva1, Anita Hecht1,
Clarissa Read 2, Reinhard Rachel 3 & Ralph Witzgall 1

The intracellular cilia assembly pathway is a complex, multistep process that
requires the continuous and coordinated incorporation of membrane mate-
rial. However, how membrane remodeling occurs during early ciliogenesis is
not yet understood. Moreover, the identity of the organelle(s) that supply
membrane material for the nascent cilium has yet to be determined. Here, we
extend the currentmodel of primary cilia formation by showing that randomly
attached distal appendage vesicles and tubules fuse laterally to generate a
doughnut-shaped membrane structure. Centripetal fusion events follow to
close the central hole. Our data demonstrate that both theGolgi apparatus and
endocytotic pathways independently contribute to ciliogenesis. We identify
the endocytotic protein GRAF1 as being essential during the early stages of
ciliogenesis and for the delivery of plasma membrane-derived material to the
developing ciliary membrane. Our three-dimensional ultrastructural analysis
uncovers previously unrecognized intermediate stages in the intracellular cilia
assembly pathway with GRAF1 as a regulator of ciliogenesis.

Over the recent years, primary cilia have taken center stage when it
comes to explaining the pathogenetic events underlying a number of
hereditary diseases such as polycystic kidney disease, Bardet-Biedl
syndrome, retinal degeneration and skeletal dysplasias. Primary cilia
are singular antenna-like extensions of most cell types in mammalian
organisms that serve chemo- and mechanosensory functions and act
as hubs for several signal transduction cascades. Two different path-
ways how primary cilia form have been described, the intracellular1,2

and the extracellular1,3 pathways. This nomenclature, however, is
somewhat misleading because in both pathways the primary cilium
develops from the mother centriole in the cytoplasm, and even in the
extracellular pathway, no steps are known to take placeon the exterior

of a cell. Little is known about the extracellular pathway in which the
mother centriolemigrates up from its perinuclear position towards the
plasma membrane, where the axoneme grows out and pushes the
plasma membrane outwards into the extracellular space. Most atten-
tion has been paid to the intracellular pathway where a primary cilium
is pre-formed in the cytoplasmat the distal endof themother centriole
and subsequently fuses with the overlying plasma membrane to gain
access to the extracellular space.

Transmission electron microscopic investigations published in
1962 still serve as an argument that the membrane material of the
primary cilium derives from the Golgi apparatus2, another publication
almost ten years later pointed in the same direction4. Strong data for
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the involvement of the Golgi apparatus in ciliogenesis are lacking; the
underlying argument essentially refers to the close spatial connection
between the centrosome and the Golgi apparatus. Since then, not
much has changed in our view except that an earlier stage has been
described,which is characterizedby thepresenceof individual vesicles
at the distal appendages5. Accordingly, current thinking suggests that
vesicles dock at the distal appendages of the mother centriole, then a
primary ciliary vesicle forms and an axoneme starts to grow out,
thereby pushing the center portion of the ciliary vesicle forward so
that it assumes a cap- and bell-like shape (Fig. 1a).

The picture, however, has become more complex because some
publications implicate endocytotic processes in the formation of pri-
mary cilia. The simultaneous knock-down of Rab11a and Rab11b6 and
the knock-down of Rab11b7 (the small monomeric GTPase Rab11 is
associated with the recycling endosome8–10) results in a lower number
of ciliated cells. A negative effect on ciliogenesis is also observed upon
the knock-down of the Arf GTPase ASAP111 which interacts with Rab11
and regulates the trafficking of transferrin and its receptor12. Again by a
knock-down approach it was demonstrated that the phosphotyrosine
phosphatase PTPN2311 and EHD15 participate in the development of
primary cilia. Both PTPN2313 and EHD114 are involved in the recycling of
endocytosed proteins such as the transferrin receptor. A role of the
recycling endosome in ciliogenesis is also supported by the knock-
down of Ahi1, a protein mutated in patients suffering from Joubert
syndrome. Ahi is important for the recycling of transferrin to the
plasma membrane, its knock-down leads to an inhibition of
ciliogenesis15.Whereas ciliogenesis is reducedupon the knock-downof
Rab11, ASAP1, PTPN23, EHD1 and Ahi1, the expression of a con-
stitutively active Rab5 mutant blocks ciliogenesis16. Rab5 is associated
with the early endosome8–10, it is noteworthy in this context that con-
stitutively active Rab5 causes enlarged early endosomes and slows
down the recycling of transferrin to the plasma membrane16,17.

Here, we identify previously unrecognized ultrastructural stages
in the intracellular pathway underlying the formation of primary cilia,
in particular the doughnut stage of ciliogenesis. We present evidence
that Rab8a associates with nascent cilia from the partial doughnut
stage onwards. The membrane material for the formation of primary
cilia probably originates from two distinct compartments, i.e., endo-
cytotic vesicles and the Golgi apparatus. The endocytotic pathway
contributing to ciliogenesis is regulated by GRAF1.

Results
STEM tomography reveals distal appendage tubules, the
‘doughnut’, bi-concave and hood stages of early ciliogenesis,
and membrane fusion events
The consecutive stages of the intracellular cilia assembly pathway
(Fig. 1a) have mainly been described based on the electron micro-
scopic analysis of two-dimensional (serial) ultrathin sections (refs. 2 5
18–20.). However, a comprehensive three-dimensional characteriza-
tion of ciliogenesis has not been carried out yet, in particular it is not
known where these vesicles originate from and in what order distal
appendage vesicles fuse with each other (Fig. 1b). This is important
because the various membrane structures exhibit different curvatures
and therefore distinct proteins may be necessary to establish and
maintain their characteristic curvature. Furthermore, the proteins
necessary for tethering the variousmembrane structures to eachother
and for their subsequent fusionmay alsobe different.We established a
protocol for correlative light and electron microscopy (CLEM) to
characterize membrane remodeling processes during early ciliogen-
esis. To this end, we generated a stably transfected human retinal
pigment epithelial 1 (RPE1) cell line constitutively synthesizing a
centrin1-EGFP fusion protein as a centrosomal marker21 and an
mCherry-Rab8a fusion protein to identify nascent primary cilia6.
RPE1 cells were serum-starved for 3 to 10 h to induce ciliogenesis, and
individual cells inwhichmCherry-Rab8a localized in apunctate pattern

to one of the two centrin1-EGFP-positive centrioles were identified by
fluorescence microscopy (Fig. 1c). Subsequently, these specific cen-
trosomal regions were subjected to scanning transmission electron
microscopy (STEM) tomography,which is an approach toobtain three-
dimensional ultrastructural data from a relatively large subcellular
volume. Typically, the analyzed volume extends up to ~5 µm×5 µm in
the x and y dimensions and up to ~0.9 µm in the z dimension, with an
almost isotropic resolutionanda voxel sizeof ~1.3 nm22,23. In light of the
fact that centrioles are cylinders with ~0.5 µm in length and a diameter
of ~0.2 µm, STEM tomography is well suited to characterize the pro-
cesses taking place at the mother centriole in great detail. In a final
step, the tilt series were three-dimensionally reconstructed using the
IMOD software package24.

Centrosomal regions which had been documented before by
fluorescence microscopic imaging were re-identified in STEM tomo-
grams using the plug-in eC-CLEM of the software package Icy25. For
each tomogramof a centrosomal region, we confirmed the correlation
of the centrin1-EGFP signals with the two centrioles as well as the
overlap of the mCherry-Rab8a signal with the developing ciliary
membrane structure at the distal end of the mother centriole
(Fig. 1c–e). To facilitate the analysis of our three-dimensional data,
centriolar and axonemalmicrotubules of themother centriole, and the
subdistal and distal appendages with the associated membranous
structures were segmented in selected tomograms. We routinely
identified most, although sometimes not all, of the nine subdistal and
distal appendages. Occasionally it was impossible to decide whether a
given structure lay close enough to a distal appendage to be counted
as attached. Views from different angles and contextual evidence such
as a circular arrangement of vesicles proved helpful, but whenever no
conclusive decision could be arrived at we opted for a more con-
servative approach and did not consider a membrane-lined structure
as being associated with the mother centriole.

Our three-dimensional ultrastructural analysis revealed hitherto
unknown intermediate stages of cilia formation. The most frequent
membrane structure attached to the distal appendages resembled an
incomplete ring thatwenamed thepartial doughnut stage (13 out of 35
tomograms, i.e., 37%) (Fig. 1d–g) (supplementary videos 1, 2). To be
considered as a partial doughnut we required the incomplete ring to
be attached to at least 5 of the 9 distal appendages, thereby covering
more than half of the circumference. Another membrane structure
thatwedetected less frequently resembled the shapeof a discwith two
opposite concavities, hence we named it the bi-concave stage of cilia
formation (1 out of 35 tomograms, i.e., 3%) (Fig. 2a–c) (supplementary
videos 3, 4). Furthermore, we identified structures in which the future
pocket membrane had extended already and the future ciliary mem-
brane either ran perpendicular to the centriolar axis (Fig. 2d–f) (sup-
plementary videos 5, 6) or parallel to the future pocket membrane
(supplementary Fig. 1) (supplementary video 7). We named the first
structure the hood stage (2 out of 35 tomograms, i.e., 6%) and the
second structure the cap stage (1 out of 35 tomograms, i.e., 3%) of cilia
formation. The latter is followed by the bell stage (5 out of 35 tomo-
grams, i.e., 14%), at which time the axoneme had begun to grow out
(Fig. 2g–j) (supplementary videos 8, 9)26. Finally, we also saw rather
short primary cilia (13 out of 35 tomograms, i.e., 37%). Thus, apparently
the earliest stage at which mCherry-Rab8a localizes to the nascent
ciliary membrane compartment is the partial doughnut stage (see
below, Fig. 3k).

Starting at the partial doughnut stage we detected tubular struc-
tures connected to the nascent and already established primary cilium
(15 out of 35 tomograms, i.e., 43%) (e. g. supplementary Fig. 2) (sup-
plementary videos 10, 11) similar to what has been described before27.
Some of these tubules ended in a blind fashion in the cytoplasm but in
most cases it was not possible to follow them to their very end to
decide whether they were connected to the plasmamembrane or not.
It has been reported that low concentrations of cytochalasin D, a
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substance inhibiting actin polymerization, promote ciliogenesis11.
When we serum-starved cells for 2 hours in the presence of 50 nM of
cytochalasin D we observed a tendency towards a higher number of
nascent cilia with tubular extensions (supplementary Fig. 3) which,
however, did not reach statistical significance.

We routinely found many vesicles in the vicinity of the mother
centriole (Figs. 2, 3). Upon close examination, filamentous structures,

which had beenmissed in the past, apparently tethered some of those
vesicles and also the membrane structure of the nascent primary
cilium to the distal appendages (arrow in Fig. 2k, l). Moreover,
tethering filaments were also observed between membranes, which
had already attached at the distal appendages, and additional vesicles
(arrows in Fig. 2m–p). In addition to tethered vesicles we identified
vesicles that lay immediately adjacent to the nascent primary ciliary
membrane with both membranes touching each other (arrow head in
Fig. 2o, p). Such arrangements were found in 27 out of 35 (77%)
tomograms. Sometimes we noted additional vesicles tandemly con-
nected to the first one like a string of pearls (Fig. 2g–j, m–p). In one
instance this chain of vesicles was also tethered to the plasma mem-
brane (arrows in Fig. 2i, j). On the other hand, we also observed buds at
the future ciliary pocket membrane, some of them were covered by
electron-dense material which formed spikes very much resembling
clathrin coats (3 out of 35 tomograms, i.e., 9%) (green arrow heads in
supplementary Fig. 1). While clathrin-coated pits have been repeatedly
observed to bud from the mature ciliary pocket membrane1,28, no
equivalent observations have been reported for the developing ciliary
membrane compartment.

To analyze events earlier than the partial doughnut stage and
which do not depend on Rab8a, we utilized the same cell line and
turned to cells where Rab8a was present in the cytoplasm but had not
been recruited to the centrosomeyet (Fig. 3a). To exclude primary cilia
undergoing disassembly, we made sure by fluorescence microscopy
and electron tomography that the centrosomes under investigation
did not containmore than 2 centrioles aswould be expected after cells
had entered the S-phase of the cell cycle. In contrast to cells in which
Rab8a hadaccumulated at the centrosome,wemainly identified stages
earlier than the partial doughnut stage such as naked mother cen-
trioles (2 out of 21 tomograms, i.e., 10%), and mother centrioles with
one or several vesicles attached to distal appendages (Fig. 3b, c)
(supplementary videos 12, 13) (13 out of 21 tomograms, i.e., 62%).
Surprisingly, in addition to distal appendage vesicles we identified
tubular membrane structures associated with the distal appendages
that we named distal appendage tubules (Fig. 3d, e) (supplementary
videos 14, 15). Distal appendage vesicles and tubules were never
observed in cells where mCherry-Rab8a had accumulated at the
mother centriole (Fig. 3k), confirming earlier observations that Rab8a
regulates ciliogenesis at more advanced stages5. In none of the ana-
lyzed centrosomal regions were all distal appendages occupied by

Fig. 1 | Cartoon highlighting distinct ultrastructural stages of primary cilio-
genesis, and identification of the partial doughnut stage of ciliogenesis by
correlative light andelectronmicroscopy. aConventionalmodel for intracellular
ciliogenesis. Vesicles dock at the distal appendages of the mother centriole and
then fuse to form a primary ciliary vesicle, which finally develops into the ciliary
membrane. b Possible fusion routes of distal appendage vesicles to form a con-
tinuous membranous structure covering the distal end of the mother centriole.
Membranes are depicted in red. c Fluorescence image of a stably transfected RPE1
cell line constitutively producing centrin1-EGFP and mCherry-Rab8a fusion pro-
teins after 10 h of serum starvation. It can be seen that Rab8a (red) accumulates at
one of the centrioles (green) in a punctate fashion. The centrosomal region in the
white box is shown at a higher magnification in the three panels on the right.
d, e STEM (scanning transmission electron microscopy) tomography of the same
position without (d) and with (e) an overlay of the fluorescence micrograph
demonstrates thepresenceof themCherry-Rab8a fusionprotein at thedistal endof
themother centriole (labeledby centrin1-EGFP). Redarrowspoint to themembrane
of the nascent cilium. The slices lie ~55 nm apart. f, g Three-dimensional recon-
structionof the tomogramreveals thepartial doughnut stageof cilium formation. A
cross section of the nascent ciliary membrane structure is shown in panel f, the
segmented nascent cilium in g. Shown are representative images of 14 independent
experiments. Microtubules, green; subdistal appendages, purple; distal appen-
dages, dark blue; tether between distal appendages and nascent ciliary membrane,
light blue; nascent ciliary membrane, red; intracentriolar vesicle, yellow. Bars:
10 µm (overview in c), 2 µm (higher magnification in c), 200 nm (d, e), 50 nm (f).
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vesicles or tubules at the same time. Therefore fusion events between
adjacent distal appendage vesicles and tubules occurred already
before all distal appendages were occupied (Fig. 3f, g). These fused
distal appendage vesicles were categorized as partial doughnut-
shaped membrane structures only when they were attached to more
than 4 distal appendages (4 out of 21 tomograms, i.e., 19%). Further-
more, we identified one complete ring-shaped membrane structure in

this setup and thus a closeddoughnut stage (Fig. 3h–j) (supplementary
videos 16, 17). Although we detected the cap and bell stages of cilia
formation (1 each out of 21 tomograms, i.e., 5%), no outgrowing cilia
were found in cells in which Rab8a had not yet been recruited to the
mother centriole (Fig. 3k).

To exclude the possibility that the presence of (partial and com-
plete) doughnut-shaped membrane structures and of distal
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appendage tubules resulted from the overexpression of mCherry-
Rab8a, we also investigated centrosomes of RPE1 cells that stably
synthesized centrin1-EGFP and transiently expressed mCherry. Again
distal appendage tubules were identified, and once more the most
frequent stage was the partial doughnut stage (9 out of 25 tomograms,
i.e., 36%) (supplementary Fig. 4) (supplementary video 18). Membra-
nous material connected to the membrane of the nascent cilium by
tethers or directly touching it was present in 63% (15 out of 24 tomo-
grams) of cells producing mCherry and in 77% (27 out of 35 tomo-
grams) of cells in which mCherry-Rab8a had accumulated at the
mother centriole. We observed tubular structures connected to the
nascent cilium in 47% (8 out of 17 tomograms) of cells producing
mCherry and in 43% (15 out of 35 tomograms) of cells in which
mCherry-Rab8a had accumulated at the mother centriole. Further-
more, pits coated by an electron-densematerial were detected in 8% (2
out of 24 tomograms) of cells producing mCherry and in 9% (3 out of
35 tomograms) of cells where mCherry-Rab8a had accumulated at the
mother centriole. Hence, the additional intermediate stages of cilio-
genesis, the attachment of additional membrane material to the nas-
cent cilium, the formation of tubules and the budding of coated
vesicles at the nascent cilium are general features of the intracellular
cilia assembly pathway and can be observed independently of the fact
whether mCherry-Rab8a is expressed or not.

The results just presented were obtained with chemically fixed
RPE1 cells. In order to make sure that those structures did not repre-
sent artefacts caused by the fixation with glutaraldehyde and paraf-
ormaldehyde, we also fixed cells by high-pressure freezing and freeze
substitution. Indeed, tethers between distal appendages and the
developing ciliary membrane (supplementary Fig. 5a, e), and tethers
between the developing ciliarymembrane and additional vesicles were
again observed inhigh-pressure frozen cells (supplementary Fig. 5c, e).
This was also true for tubules extending from the nascent cilium
(supplementary Fig. 5c, e, f). Therefore, we believe that we have
identified true biological structures for the intracellular pathway of
ciliogenesis.

Endocytosed membrane material is delivered to the nascent
ciliary membrane compartment
For the primary cilium to form, a steady delivery of vesicles has to be
guaranteed. Over the years scarce evidence has been published that
the endosomal compartment, in particular the recycling endosome,
contributes to the formation of primary cilia6,11,29–31. In Chlamydo-
monas, Arp2/3 complex-dependent endocytosis delivers ciliary
membrane proteins to the growing flagellum32. To investigate whe-
ther endocytosed membrane material is directed to the developing
ciliary membrane compartment during the intracellular cilia assem-
bly pathway, we incubated RPE1 cells with horseradish peroxidase
(HRP)-conjugated wheat germ agglutinin (WGA). The lectin WGA
binds to widespread sugar residues of membrane proteins such as N-
acetyl-D-glucosamine33,34 and sialic acid residues35,36. Since as a

protein WGA cannot permeate membranes, it will only recognize the
extracellular portion of cell surface glycoproteins. A subsequent
histochemical reaction for HRP and incubation with OsO4 leads to
the formation of an osmiophilic and therefore electron-dense dia-
minobenzidine precipitate at the sites where WGA has bound, which
allows the visualization of endocytosed plasma membrane material.
RPE1 cells stably expressing centrin1-EGFP were serum-starved for
4 hours to initiate cilium formation and cultured for the last 15min at
37 °C in the presence of the WGA-HRP conjugate. A short incubation
time was chosen to avoid retrograde trafficking of WGA-HRP to the
Golgi apparatus37–39 which would make it impossible to discriminate
between endocytotic routes and the secretory pathway. Electron-
dense diaminobenzidine precipitates were detected by transmission
electron microscopy of 80 nm thick sections at the plasma mem-
brane and at cytoplasmic vesicular structures (Fig. 4 and supple-
mentary Fig. 6) (supplementary video 19). The specificity of our
approach was corroborated by the finding that many membrane-
lined structures in the cytoplasm were not labeled (Fig. 4 and sup-
plementary Fig. 6). As an additional control, we could not detect any
electron-dense material at the plasma membrane and in intracellular
vesicles when the histochemical reaction was carried out with cells
which were incubated in the absence of WGA-HRP (Fig. 4j, k and
supplementary Fig. 6a–c).

To examine whether endocytosed membrane material is incor-
porated into the nascent ciliary membrane, centrosomal regions of
RPE1 (centrin1-EGFP) cells incubated in the presence ofWGA-HRPwere
identified in the fluorescence microscope and then subjected to elec-
tron tomography. In 25 out of 42 cells (i.e., 60%) nascent primary cilia,
from the distal appendage vesicle/tubule stage to the bell stage, were
labeled with electron-dense material (Fig. 4a–i, l). No labeling of the
nascent ciliarymembrane was detected when the cells were incubated
in the absence of WGA-HRP (Fig. 4j, k). In principle, WGA-HRP might
reach the nascent primary cilium not only by endocytosis but also via
tubular extensions that connect the developing ciliary membrane
compartment with the plasma membrane and thus with the extra-
cellular space (supplementary Fig. 2 and ref. 27). Careful three-
dimensional analysis yielded 12 labeled nascent primary cilia that were
completely contained in the tomogram and either had not elaborated
tubular extensions or the tubular extensions ended blindly in the
cytoplasm without any connection to the plasma membrane. This
suggests that endocytosed membrane material contributes to the
growing ciliary membrane compartment. As expected, most of the
fully formedprimary cilia (24out of 27, i.e., 89%)were routinely labeled
with WGA-HRP (Fig. 4l) because they either had direct contact to the
extracellular space or were connected to the plasma membrane by
tubules. In order to gain more information regarding the immediate
environment of the WGA-HRP-labeled nascent cilia, we also deter-
mined the number of WGA-HRP-labeled membranous structures
around the distal end of the mother centriole, and the shortest dis-
tanceof these structures to its distal end. The analysis of 14 tomograms

Fig. 2 | Discovery of thebi-concave, hood andbell stagesof cilium formationby
correlative light and electron microscopy. Tomograms of RPE1 cells in which
mCherry-Rab8a accumulated at the centrin1-EGFP-postive centrosome (a–j, m–p)
and of a RPE1 cell expressing centrin1-EGFP andmCherry (k, l). All cellswere serum-
starved for 10 h. a–j Three tomograms demonstrating distinct stages of ciliogen-
esis. Shown in each case are four slices lying ~55 nmapart (a,d,g), a cross sectionof
the nascent ciliary membrane structure (b, e, h) and the segmented nascent cilium
without (segmentations on the left in c and f) and with (segmentations on the right
in c and f, aswell as j) attached vesicles. In panels i and j a larger region between the
mother centriole and the plasma membrane is shown to demonstrate the con-
nection of the leftmost vesicle to the plasma membrane (lilac) via a tether (brown
structure highlighted by an arrow). Red arrows in the tomograms point to the
membrane of the nascent cilium. Vesicles in dark gray are attached to other
membranes by tethers (shown in black), vesicles in light gray directly touch other

membranes. k, l Selected plane of a tomogram and corresponding segmentation of
the nascent cilium demonstrating a tether (light blue arrow) between a distal
appendage and the nascent cilium (red asterisk). m–p Selected planes of a tomo-
gram and corresponding segmentation of the nascent cilium demonstrating
membranes connected by tethers, and membranes directly touching each other
(front view inm and n, back view in o and p). Black arrows point to tethers, the
arrow head points to membranes directly touching each other, red asterisks mark
the nascent cilium. Overviews are shown on the left, higher magnifications of the
boxed areas on the right (k–p). Shownare representative images of 14 independent
experiments except for panels k and l where 2 independent experiments were
analyzed. Microtubules, green; subdistal appendages, purple; distal appendages,
dark blue; tethers between distal appendages and nascent ciliary membrane, light
blue; nascent ciliary membrane, red; intracentriolar vesicles, yellow. Bars: 200nm
(a, d, g, i, overviews in k, m, o), 50nm (b, e, h, higher magnifications in k, m, o).
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showed that 5.8 membranous structures were present in a volume of
1 × 108nm3 (Fig. 4m) with an average distance of 328 nm to the center
of the distal end of the mother centriole (Fig. 4n, o). We also investi-
gated whether Golgi stacks adjacent to labeled nascent cilia were
positive for WGA-HRP. This never was the case in 7 tomograms where
we detected Golgi stacks in the vicinity of aWGA-HRP-positive nascent
cilium (supplementary Fig. 7).

Clathrin- and caveolin-dependent endocytosis are dispensable
for cilia formation
In order to identify the endocytosis routes that contribute membrane
material to ciliogenesis, we first examined clathrin- and caveolae-
dependent endocytosis as themost common endocytosis pathways40,41.
Here, the scission of invaginating vesicles is mediated in large part by
dynamins, a family ofmonomeric high-molecular weight GTPases42. The
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incubation with dynasore, a chemical inhibitor of dynamins43, resulted
in a statistically significant decrease in the number of ciliated cells after
24 h of serum deprivation, which may be due to a slowly developing
toxic effect of dynasore, because we observed the opposite tendency
(without reaching statistical significance) at earlier time points (Fig. 5a).
To investigate the effect of dynamin more specifically, RPE1 cells were
transiently transfected with an expression plasmid encoding a fusion
protein between EGFP and the dominant-negative K44A mutant of
dynamin-244. Compared to EGFP-expressing cells, a statistically sig-
nificant increase in the number of ciliated cells was observed at the
beginning and at 24 hours of serum withdrawal, but not between those
time points (Fig. 5b). To address clathrin-mediated endocytosis directly
we transiently expressed dominant-negative forms of EPS15 [EPS15
(DIII)]45 and AP180 (AP180-C)46, two proteins involved in the formation
of the clathrin cage40. A statistically significant increase in the number of
ciliated cells was detected for the dominant-negative mutant of EPS15
but not for AP180 (Fig. 5b). The increase in ciliated cells upon dynamin
(K44A)-EGFP and EGFP-EPS15 (DIII) expression was confirmed in a time-
course with asynchronously growing RPE1 cells (i.e., cells cultured in the
presence of serum) at 24 and 48hours after transfection, respectively
(Fig. 5c). These data argue against an essential function of clathrin-
mediated endocytosis in the formation of primary cilia, which is in line
with a previous report1. If anything, we noticedmore cilia when clathrin-
mediated endocytosis was inhibited. We also transiently transfected
cells with expression plasmids encoding dominant-negative mutants of
caveolin-1 (ΔN1-8147 and P132L48) (Fig. 5d) to inhibit caveolae-mediated
endocytosis. Again no effect on ciliogenesis was observed. Accordingly
our results argue that neither clathrin- nor caveolin-mediated endocy-
tosis contribute to cilia formation.

Inhibition of different endosomal compartments does not
impair ciliogenesis
The dispensability of clathrin- and caveolae-mediated endocytosis for
ciliogenesis led us to inhibit different endosomal compartments8.
Bafilomycin A1 inhibits a vacuolar H+-ATPase which is responsible for
the increasing acidification along the endosomal pathway49. Further-
more, the maturation from the early to the late endosome is believed
todependon the actionof phosphatidylinositol (3) kinases50whichcan
be blocked by wortmannin51,52. If the vesicles destined to contribute to
ciliogenesis are derived from the late endosome or an even more
downstream compartment, then the incubation with these substances
should inhibit ciliogenesis. A statistically significant negative effectwas
only observed at 24 h of treatment with bafilomycin A1 which, similar
to what we observed for dynasore, may be due to a toxic effect of
bafilomycin A1 (Fig. 5e). In the case of wortmannin, no effect on
ciliogenesis was noticed (Fig. 5f). Individual endosomal compartments
were addressed more specifically by transfecting RPE1 cells with
expression plasmids encoding dominant-negative mutants of Rab5a

and Rab11a, monomeric small GTPases associated with early endo-
somes and recycling endosomes, respectively8,10. Whereas expression
of dominant-negative Rab5a had no effect on ciliogenesis, the
expression of dominant-negative Rab11a reduced the number of pri-
mary cilia (Fig. 5g), which indicates that the recycling endosome is
involved in ciliogenesis as has been suggested before6,16,30.

GRAF1 as a member of the CLIC/GEEC endocytotic pathway is
involved in ciliogenesis
Since (apart from the recycling endosome) none of the conventional
endocytosis pathways contributed to cilia formation, we turned our
attention to alternative endocytotic routes. In addition to caveolae-
mediated endocytosis, several other forms of endocytosis are sub-
sumed into the category of clathrin-independent endocytosis53,54. The
scission of tubular and ring-like structures formed at the plasma
membrane within the CLIC (clathrin-independent carrier) endocytosis
pathwayproceedswithout coats and dynamin55,56, and the carriers fuse
independently of Rab5 to build the GEEC [glycosylpho-
sphatidylinositol-anchored proteins (GPI-AP) enriched early endoso-
mal compartment]56,57. Both features are consistent with the
observations described above, which led us to investigate whether the
CLIC/GEEC pathway is involved in ciliogenesis. This endocytosis
pathway depends on the multidomain, non-cargo protein GRAF1
(GTPase regulator associated with focal adhesion kinase 1)57,58. When
GRAF1 was depleted in RPE1 cells by RNA interference, a decrease in
the number of ciliated cells was observed (Fig. 6a, b). The specificity of
the siRNA was demonstrated by a rescue experiment in which cilio-
genesis was partially restored upon transient expression of an RNAi-
resistant EGFP-GRAF1 (rescue) expression construct (Fig. 6c, d). A
fusion protein between mRuby3 and GRAF1 displayed a reticular dis-
tribution throughout the whole cytoplasm, as has been described
before59,60. However, no obvious accumulation at the centrosome was
observed at 12 h of serum deprivation (Fig. 6e). In order to determine
what processes during ciliogenesis are regulated by GRAF1, we looked
at the connectionwith Rab8a andRab11a. There is evidence that GRAF1
acts upstream of Rab8a during endocytosis60 and we therefore also
investigated whether a depletion of GRAF1 affected the accumulation
of Rab8a at the centrosome during ciliogenesis. Indeed, a knock-down
of GRAF1 resulted in a lower number of cells where Rab8a was present
at the centrosome and cilium (Fig. 6f), suggesting that GRAF1 acts
upstream of Rab8a during the formation of primary cilia. However, an
overexpression of Rab8a did not compensate for the knock-down of
GRAF1 (Fig. 6g), which indicates that Rab8a is not sufficient tomediate
the effects of GRAF1. Similarly, the overexpression of Rab11a, which is
required for ciliogenesis6,30,61, did not increase the number of ciliated
cells after the knock-down of GRAF1 (Fig. 6g). We also tested whether
an incubation with cytochalasin D at a low concentration, which had
been shown to promote ciliogenesis before11, rescued the ciliary

Fig. 3 | Rab8a localizes to the nascent cilium preferentially after the distal
appendage vesicle/tubule stage. Correlative light and electron microscopy of
stably transfected RPE1 cells constitutively producing centrin1-EGFP and mCherry-
Rab8a fusion proteins in which Rab8a has not accumulated at the centrosome. All
cellswere serum-starved for 10 h. aRepresentativefluorescence imageof a cell. The
centrosomal region in the white box is shown at a highermagnification in the three
panels on the right. b–g The tomograms and corresponding segmentations
demonstrate the association of vesicles (b, c), a tubule (d, e) and fusedvesicles (f,g)
with distal appendages. Shown in each case are four slices lying ~80nm (two left-
most slices) and ~27nm (slices two to four) (b), ~27 nm (d) and ~58nm (f) apart, and
the segmented nascent cilia without (left) and with (right) attached vesicles (c, e).
The dark gray tubular structure is tethered to one of the distal appendage vesicles
(c), and the light gray vesicular structuredirectly touches a distal appendage tubule
(e). Red arrows in the tomograms point to the membrane of the nascent cilium.
h–j Tomogram illustrating a complete doughnut-shaped membrane structure.
Shown are three slices lying ~80 nm apart (h), a cross section of the nascent ciliary

membrane structure (i) and the segmented nascent cilium without (left) and with
(right) attached vesicles (j). Red arrows in the tomograms point to the doughnut-
shaped membrane structure. The vesicle in dark gray is attached to the doughnut-
shaped membrane structure by a tether (shown in black), vesicles in light gray
directly touch the doughnut-shaped membrane structure and each other. k Pie
charts depicting the frequency (in %) of ciliogenesis stages in cells where the
mCherry-Rab8a fusion protein did not (top) and did (bottom) accumulate at the
centrosome. Data include experiments with cells which were serum-starved for 3,
3.5 and 10 hours. Early to late stages are portrayed clockwise starting at the arrow
head. n indicates the number of tomograms out of 6 (upperpie chart) and 14 (lower
pie chart) independent experiments. Microtubules, green; subdistal appendages,
purple; distal appendages, dark blue; tether betweendistal appendage and nascent
ciliary membrane, light blue; nascent ciliary membrane, red; intracentriolar vesi-
cles, yellow. Bars: 10 µm (overview in a), 2 µm (higher magnification in a), 200 nm
(b, d, f, h), 50nm (i).
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phenotype after the knock-downofGRAF1. Thiswas the case as judged
by the higher number of ciliated cells with a knock-down of GRAF1 in
the presence of cytochalasin D (Fig. 6h).

To identify in more detail the stage(s) of cilia formation that
require GRAF1, RPE1 cells stably expressing centrin1-EGFP were
depleted of GRAF1 and ultrastructurally analyzed by STEM

tomography. At the same time, the cellswere incubatedwithWGA-HRP
to verify whether endocytosed membrane material is still delivered to
the nascent primary cilium in the absence of CLICs. Cells were serum-
deprived for 4 and 12 h to assess nascent as well as mature cilia. Upon
depletion of GRAF1, less RPE1 cells with labeled nascent and mature
ciliary membranes were identified compared to control-depleted cells
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(Fig. 7a–e). Furthermore, while most of the tomograms from cen-
trosomal regions of control-depleted cells showed an outgrown cilium
after 4 h (47 out of 65 tomograms, i.e., 72%) and 12 h of serum star-
vation (37 out of 46 tomograms, i.e., 80%), a substantial number of
GRAF1-depleted cells had only reached the stage of distal appendage
vesicles and tubules at 4 h (9 out of 31 tomograms, i.e., 29%) and 12 h
(12 out of 40 tomograms, i.e., 30%) of serum starvation (Fig. 7f). When
we quantitated the number of WGA-HRP-positive membranous struc-
tures surrounding the nascent cilium (Fig. 7g) and their distances
(Fig. 7h, i) to the distal end of the mother centriole after the knock-
down of GRAF1, we detected no differences compared to the negative
control transfected with a scrambled siRNA. Furthermore, it did not
matter whether the nascent cilium was labeled with WGA-HRP or not.
In tomograms of cells which were treated with the scrambled siRNA,
6.5 membranous structures per 1 × 108 nm3 were detected with amean
distance of 297 nm to the distal end of the mother centriole, and in
tomograms of cells treated with the siRNA against GRAF1 we detected
8.6 membranous structures per 1 × 108 nm3 with a mean distance of
314 nm to the distal end of the mother centriole.

Involvement of the Golgi apparatus in the formation of
primary cilia
Another organelle that has repeatedly been brought up as a source for
ciliary membrane material is the Golgi apparatus (for review see
refs. 62–64).Our regularfinding of theGolgi apparatus in close vicinity
to the centrosome is in line with long-standing observations published
several decades ago. Ultrastructural investigations particularly from
the 1960s are routinely quoted as evidence that the ciliary membrane
material is transported from the Golgi complex to the centrosome,
remarkably the only argument being their close spatial
arrangement2,65,66. However, direct experimental data for such an
assumption have not been presented so far. We addressed this ques-
tion bydisrupting or inhibiting theGolgi apparatus by differentmeans.
First, we incubated RPE1 cells with brefeldin A (BFA), a fungal meta-
bolite which inhibits guanine nucleotide exchange factors of the ARF
family67,68 thus resulting in the collapse of the Golgi apparatus69,70. This
led to a lower number of ciliated cells after 4 and 24h of serum star-
vation (Fig. 8a). The involvement of a functional Golgi apparatus was
confirmed by treating RPE1 cells with two other chemical inhibitors of
the Golgi apparatus, the ionophore monensin71 and 30N1272. While
monensin displayed a significant inhibitory effect on ciliogenesis after
4 and 24 h of serum starvation, the addition of 30N12 significantly
inhibited ciliogenesis at 24 h of serum starvation (Fig. 8b, c). The fact
that both the knock-down of GRAF1 and the disruption of the Golgi
apparatus led to a lower number of ciliated cells, made us wonder
whether the CLIC/GEEC pathway of endocytosis and the Golgi appa-
ratus act independently of each other. Therefore we transfected
RPE1 cells with an siRNA against GRAF1 and simultaneously disrupted
the Golgi apparatus with BFA. Indeed we observed an increased inhi-
bitory effect when both maneuvers were combined (Fig. 8d), which
suggests that the CLIC/GEEC pathway and the Golgi apparatus con-
tribute separately to cilia formation.

These experiments support the notion that the Golgi apparatus
contributes to ciliogenesis but it is not known at what stage(s). Cep97
and CP110 are located at the distal end of both the mother and
daughter centriole and have to be removed from themother centriole
to allow ciliogenesis to proceed5,73. We therefore determined the
number of cells containing only one centrosomal dot of CP110 after 8 h
of serum withdrawal but found no difference between control- and
BFA-treated RPE1 cells (Fig. 8e). This result suggests that the Golgi
apparatus is not required for the earliest stage of ciliogenesis. Next, we
analyzed whether EGFP-Rab8a was still recruited to the centrosome or
ciliumafter incubationofRPE1 cellswith BFA. Aswehave shownabove,
Rab8a is associated with the nascent cilium from the partial doughnut
stage onwards. After 4 h of serum starvation, Golgi disruption resulted
in a less frequent accumulation of Rab8a at the centrosome or cilium
(Fig. 8f) indicating that the Golgi apparatus is most likely important
shortly after the dissociation of CP110 from the mother centriole. As
already observed for the knock-down of GRAF1 (cf. Fig 6h), a low
concentration of cytochalasin D increased the number of ciliated cells
after BFA treatment (Fig. 8g). These findings suggest that a depoly-
merization of the actin cytoskeleton promotes ciliogenesis possibly by
facilitating the recruitment of additional membrane material even
under such diverse conditions as the inhibition of GRAF1-mediated
endocytosis and the disruption of the Golgi apparatus.

To further characterize the stage of ciliogenesis inwhich theGolgi
apparatus is involved, we subjected centrosomal regions of BFA-
treated RPE1 cells stably expressing centrin1-EGFP to STEM tomo-
graphy. At the same time, cells were incubated for 15min with WGA-
HRP to assess whether the accumulation of endocytosed membrane
material at the mother centriole is perturbed upon disruption of the
Golgi apparatus. BFA treatment led to a higher number of cells with
earlier stages of cilia formation compared to control-treated cells
(Fig. 8h–l). On the other hand, we could not find any difference
between BFA- and solvent-treated cells regarding the labeling of the
nascent and mature ciliary membrane with WGA-HRP (Fig. 8m), which
indicates that both the Golgi apparatus and endocytosed membrane
material contribute to cilia formation independently of each other.
Our argument is further supported by the fact that we never observed
Golgi stacks labeled with WGA-HRP in untreated cells (supplementary
Fig. 7). Another surprising effect upon BFA treatment concerned the
orientation of the mother centriole. While in solvent-treated cells the
longitudinal axis of themother centriole was preferentially oriented in
a parallel fashion to the basal plasma membrane, it was oriented
almost in a perpendicular fashion in BFA-treated cells with the distal
end of the mother centriole pointing towards the basal plasma mem-
brane (Fig. 8n).

Discussion
Discovery of previously unrecognized intermediate stages of
cilia formation
Based on our three-dimensional ultrastructural data we introduce a
more refined model for the intracellular cilia assembly pathway that
includes additional intermediate stages (Fig. 9). Beside the already

Fig. 4 | Endocytosed membranes associate with the mother centriole.
a–i Tomograms of RPE1 cells producing a centrin1-EGFP fusion protein. Cells were
serum-starved for 4 h and exposed to a fusion protein between wheat germ
agglutinin (WGA) and horseradish peroxidase (HRP) for the last 15minutes of
serum starvation. j, k Cells which were not exposed to WGA-HRP served as a
negative control. Red arrows point to the membrane of the nascent cilium, red
arrow heads to tubular extensions. Shown in each case are three slices lying ~55 and
80nm apart (a), ~55 nm apart (d), ~75 nm apart (g), ~55 and ~110 nm apart (j).
Respective cross sections of the nascent ciliary membrane structure are seen in
b, e, h, k, corresponding segmentations are shown in c, f, i. The asterisk in panel
i marks a WGA-HRP-positive interacting membrane structure. Distal appendages,
dark blue; tether between distal appendage and nascent ciliary membrane, light

blue; WGA-HRP-labeled nascent ciliary membrane, red; vesicles attached to other
membranes by tethers, dark gray; tethers connecting membranous structures,
black; vesicles in light gray directly touching other membranes, light gray.
l Quantification of nascent and mature cilia labeled with WGA-HRP in cells treated
as described above. Over half of the nascent cilia and almost all the mature cilia
were labeled by WGA-HRP. n, number of tomograms out of 2 independent
experiments. m–o Tomograms of cells treated as described for panels a–i were
used to determine the number of WGA-HRP-labeled membranous structures
around (m), and their distances to (n,o), the distal end of themother centriolewith
a WGA-HRP-labeled nascent ciliary membrane structure. A total of 14 cells from 1
experiment were analyzed. Horizontal lines represent the respective mean values.
Bars: 200 nm (a, d, g, j), 100nm (b, e, h, k).

Article https://doi.org/10.1038/s41467-026-76992-5

Nature Communications |         (2026) 17:9231 9

www.nature.com/naturecommunications


described distal appendage vesicles we also identified elongated
membranous structures docked to distal appendages which we call
distal appendage tubules. Both these structures are the first ultra-
structural markers of cilia formation. They randomly dock to one or
several distal appendages without any recognizable order. Fusion
events between neighboring distal appendage vesicles (or tubules),
and between distal appendage vesicles/tubules and incoming vesicles
start before all distal appendages have been occupied. Our data sup-
port the lateral fusion of distal appendage vesicles and tubules to build
a (partial) doughnut-shaped membrane structure (Fig. 1b and Fig. 9).

The rather frequent detection of the partial doughnut stage sug-
gests that the formation and closure of a membranous ring is a time-
consuming step. Comparable toroidmembrane structures are pores in
the nuclear envelope74. Proteins mediating membrane bending, such
as those containing a BAR (Bin, amphiphysin, Rvs) domain75 or an
amphipathic helix76, are apparently required for the formation and
stabilization of membrane curvature. The F-BAR domain-containing
proteins PACSIN1 and PACSIN2 (also known as syndapin 1 and 2)27 and
FAM9277 that were shown to be involved in cilia formation are pro-
mising candidates for the formation of doughnut-shaped membrane

Fig. 5 | Conventional forms of endocytosis do not contribute to the formation
of primary cilia. RPE1 cells were serum-starved and treated with various small
molecules (dynasore, bafilomycin A1, wortmannin) for the indicated periods of
time (a, e, f). When RPE1 cells were transfected with expression plasmids encoding
the respective dominant-negativemutant proteins (b, c,d,g), serum starvationwas
started 24 hours after transfection and carried out for the indicatedperiodsof time.
In the former case the solvent DMSO, in the latter case the expression plasmid for

EGFP served as the negative controls. The red horizontal lines represent the mean
values. n = 4 (panel c), 5 (panels a, d, e, g), 6 (panel b, except for the AP180-C
construct where n = 5) and 7 (panel f) independent experiments. Statistical sig-
nificance was determined by a two-sided unpaired Student’s t test (panels a, e), by
one-way ANOVA followed by Dunnett’s test (panels b, c, d, g), and by a two-sided
Mann–Whitney U test (panel f).
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structures. Interestingly, we rarely detected complete doughnut-
shaped membrane structures in any of our experimental conditions,
which may result from the trivial reason that the whole membrane
structure was not contained in the analyzed semi-thin sections. On the
other hand, the complete doughnut-shaped membrane structure may

represent a very transient stage and therefore is rarely detectable. It is
remarkable that partial and complete ring-shaped membrane struc-
tures have not been identified during ciliogenesis so far. We believe
that this is due to the limited information provided by the two-
dimensional analysis of ultrathin sections. Depending on the plane of
section a doughnut-shaped membrane structure was most likely mis-
interpreted as two distal appendage vesicles when the center of the
doughnut was sectioned (e.g., Fig. 1d or Fig. 3h) or as a ciliary vesicle
when the periphery of the doughnut was sectioned (e.g., Fig. 1d or
Fig. 3h). It is noteworthy thatwe never identified a round ciliary vesicle
in any cell.

Subsequent to the formation of a doughnut-shaped membrane
structure, the hole in its center is filled in a centripetal fashion (Fig. 1b)
to build a bi-concave membrane structure. Further growth leads to a
hood-shaped and then a cap-shaped membrane structure (Fig. 9). At
this point of our analysis it has to be left open whether ciliogenesis
necessarily proceeds through the hood stage to reach the cap stage or
whether the cap stage can immediately follow the bi-concave stage.
Finally, the axoneme starts to grow out forming a bell-shaped mem-
branous structure and finally the cilium (Fig. 9). We would like to point
out that not all nascent cilia strictly developed according to thismodel.
Instead, we also observed membrane structures like an incomplete
hood or cap not covering the complete distal end of the mother cen-
triole, indicating that fusion events can also take place towards the
center to fill the central hole before the ring is completely closed. This

Fig. 6 | GRAF1 contributes to the formation of primary cilia. a AWestern blot of
RPE1 cells treated with the respective siRNAs for 48h demonstrates the efficient
knock-down of GRAF1. Actin served as a loading control. b RPE1 cells were treated
as described for panel a and serum-deprived for the indicated periods of time. The
knock-down of GRAF1 leads to a reduced number of ciliated RPE1 cells after serum
withdrawal. An siRNA against Cep164 served as a positive control. n = 5 indepen-
dent experiments. c,dRescue experimentwith an expressionplasmid for an siRNA-
resistant EGFP-GRAF1 (rescue) mRNA. RPE1 cells were transiently transfected with
the indicated expression plasmids. Twenty-four h after the transfection they were
subjected to treatment with the relevant siRNAs, another 24 h later the cells were
serum-starved for a further 24h. A Western blot for GRAF1 demonstrates the suc-
cessful depletion of the endogenous GRAF1 protein (asterisks) and expression of
the exogenous fusion protein (arrows). The expression of EGFP served as a negative
control for the effect of the EGFP-GRAF1 protein. Actin was used as a loading
control (c). For technical reasons, the samples used for the detection of EGFP and
actin (two panels on the bottom) were run on a separate gel. The EGFP-GRAF1
fusion protein is able to restore ciliogenesis upon the knock-down with the siRNA
against the GRAF1 mRNA. n = 6 independent experiments (d). e Shown is the
intracellular distribution of an mRuby3-GRAF1 fusion protein obtained in one
experiment. RPE1 cells constitutively producing a centrin1-EGFP fusion protein
were transiently transfected with an expression plasmid for the mRuby3-GRAF1
fusion protein. Twenty-four h after transfection, cells were serum-starved for 12 h,
fixed and stained with an antibody against Arl13b as a ciliary marker and with
Hoechst 33258 to visualize the nuclei. The centrosomal region in the white box is
shown at a higher magnification in the three panels on the right. The mRuby3-
GRAF1 protein is distributed in a reticular pattern. f RPE1 cells producing an EGFP-
Rab8a fusion protein were treated as described for panel a and serum-deprived for
the indicated periods of time. The number of cells in which Rab8a accumulated at
the centrosome or cilium was reduced upon the knock-down of GRAF1. n = 4
independent experiments. g RPE1 cells were treated as described for panels c and
d, the respective expression plasmids are shown below the x axis. The production
of EGFP-Rab8a and EGFP-Rab11a fusion proteins did not increase the percentage of
ciliated cells to a level seen with the scrambled siRNA as a negative control. n = 4
independent experiments. h RPE1 cells were treated as described for panel a and
serum-starved in the presence of ethanol or 50nM of cytochalasin D for 24h.
Treatment with cytochalasin D rescues the decreased number of ciliated cells after
a GRAF1 knock-down. n = 4 independent experiments. In all graphs, the red hor-
izontal lines represent the mean values. Statistical significance was determined by
one-way ANOVA followed by Dunnett’s test (panels b, g), by one-way ANOVA fol-
lowed by Tukey’s test (panels d, h), and by a two-sided unpaired Student’s t test
(panel f). Bars, 10 µm (overview in e), 2 µm (higher magnification in e).
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might account for the rare detection of the complete doughnut and
the bi-concave stage as well.

The partial doughnut-shaped membrane structure is the first
stage at which Rab8a localizes to the nascent primary cilium. Thus,
Rab8a most likely functions earlier than during the extension of the
ciliary vesicle as has been proposed based on depletion experiments5.

Considering the data presented in our current study, Rab8a may
contribute to the closure of the doughnut-shaped membrane struc-
ture. EHD1 and EHD3, SNAP295, PACSIN1 and PACSIN227, and Rab3478,79

have been suggested to function during fusion of distal appendage
vesicles while Cep97/CP110 is removed from the distal end of the
mother centriole during this process73. We speculate that EHD1, EHD3,
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SNAP29, PACSIN1, PACSIN2 and Rab34 may act during initial steps of
ring formation as they were either shown to be recruited to the
developing cilium earlier than Rab8a or are required for the associa-
tion of Rab8a with the nascent cilium5,27,78,79.

Delivery and removal of membrane material
Depletion19 and knock-out80 of the distal appendage protein Cep16481

leads to an impaired docking of vesicles to distal appendages. How-
ever, it is not understood by what mechanism incoming membrane
material attaches to these structures. Our three-dimensional ultra-
structural analysis enabled us to detect filaments extending between
the distal appendages and attached ciliary membrane structures.
Similar filaments were observed between already attached ciliary
membrane structures and additional vesicles. These filamentous
structures typically had the length of around 20-30 nm as has been
described for tethers that bridge acceptor and donor membranes82,83.
Tethers that have been implicated in ciliogenesis are the homotypic
fusion and vacuole protein sorting (HOPS)-tethering complex84,85, the
transport protein particle (TRAPP) II complex6,86 and the exocyst
complex87–89.

As previously shown27, we regularly observed tubules con-
nected to the (future) ciliary pocket membrane. Their formation
depends on EHD1 and the F-BAR proteins PACSIN1 and PACSIN2, and
they were shown to connect the nascent cilium with the plasma
membrane27. In our study we detected such tubules from the partial
doughnut stage onwards. Some of them ended in a blind fashion in
the cytoplasm while others connected the ciliary membrane com-
partment to the plasma membrane and thus to the extracellular
space. In many instances, however, we could not localize the distal
ends of those tubules because they lay outside of the tomographed
sections. The function of those tubules has to be left open just as the
function of vesicles inside the lumen of centrioles (e.g., Fig. 2a, d;
Fig. 3d, h and supplementary Fig. 5) which have been described
many years ago2,65.

On the outgoing side we identified buds coated with an
electron-dense material during very early stages of cilia formation,
i.e., on distal appendage tubules and on partial doughnut-shaped
membrane structures. This suggests that during ciliary growth
membrane material is already removed to allow a continuous turn-
over of the developing ciliary membrane and not only at established
primary cilia where clathrin-coated pits were described at the ciliary
pocket membrane1,28.

Endocytotic processes mediated by GRAF1 contribute mem-
brane material to the developing ciliary membrane
compartment
A long-lasting question in the cilia field concerns the compartment(s)
contributing to the establishment of the ciliary membrane and thus to
ciliogenesis. Here, we provide evidence that endocytotic processes
deliver membrane material to the growing ciliary membrane com-
partment. In principle, plasma membrane-derived material can reach

the ciliary membrane compartment via a direct endocytosis route, by
passing through the pericentriolar recycling compartment or through
tubules connecting the plasma membrane with the nascent ciliary
membrane27. Even if we cannot formally exclude the last possibility, we
consider it less likely because we identified several WGA-HRP-labeled
early stages of ciliogenesis for which we were able to exclude a con-
nection with the plasma membrane.

Our interference with any of the conventional endocytosis routes
did not perturb ciliogenesis in RPE1 cells. This is in agreement with
previous reports in which inhibition of clathrin-mediated endocytosis
showed no negative effect on ciliogenesis1,90. Also, our interference
with the caveolae-dependent endocytosis pathway by overexpression
of dominant-negative caveolin1 mutants did not impair ciliogenesis.
Consistently, the overexpression of wild-type and mutant caveolin1 in
RPE1 cells91 and the silencing of caveolin1 in RPE1, IMCD3 and MDCK
cells affected ciliary length without altering the percentage of ciliated
cells92. In contrast, in zebrafish and IMCD3 cells pharmacological
depletion of cholesterol led to a decrease in cilia number and length93,
indicating species- and cell type-specific differences regarding the
requirement of cholesterol and thus possibly caveolae for ciliogenesis.

In our study we identified the endocytosis-associated protein
GRAF1 as a regulator of ciliogenesis. Its depletion led to an accumu-
lation of cells in early ciliogenesis with the distal appendage vesicle/
tubule stage being themost abundant. At the same time the frequency
of WGA-HRP-positive ciliary membranes was markedly reduced
(Fig. 7e).GRAF1 contains anNH2-terminal BARdomain, a PH (pleckstrin
homology) domain binding to lipids, an SH3 (Src homology 3) domain
binding todynamin, and aCOOH-terminal Rho-GAP (GTPaseactivating
protein) domain directed towards Cdc42 and RhoA94. It is known to
function at two different sites and accordingly during two distinct
processes: Firstly, GRAF1 acts at the plasma membrane and mediates
the generation of tubular endocytotic membranes during CLIC/GEEC
endocytosis58. Secondly, GRAF1 functions during vesiculation of the
tubular compartment of the recycling endosome to allow the return of
receptors and lipids to the plasmamembrane59. During vesiculation of
the tubular recycling endosome GRAF1 acts in a complex with MICAL-
L1 and EHD159.MICAL-L1 also participates in recruiting EHD1 andRab8a
to tubularmembranes of the recycling endosome95. Additionally, EHD1
links PACSINs to intracellular membranes96. While PACSIN2 drives the
tubulation of the recycling endosome97, EHD1 and GRAF1 mediate the
subsequent fission of vesicles from these tubules59. Interestingly, these
interaction partners of GRAF1 have all been linked to cilia
formation5,6,27,98. Moreover, the GTPase Rab11a also functions at the
recycling endosome8–10 and during ciliogenesis6,30,61.

In principle, GRAF1 may act at the plasma membrane, the recy-
cling endosome and/or the nascent cilium. Firstly, GRAF1 could per-
form its function in ciliogenesis during CLIC formation at the plasma
membrane and thus regulate thedelivery of endocytotic vesicles to the
centrosomal region. Secondly, GRAF1 could regulate the vesiculation
of the tubular recycling endosome thereby generating vesicles des-
tined not only for the plasma membrane but also for the ciliary

Fig. 7 | GRAF1 is required for the early stages of cilia formation. RPE1 cells
producing centrin1-EGFP were treated with a scrambled siRNA or an siRNA against
GRAF1. Forty-eight h later the cells were serum-starved for 4 or 12 h, for the last
15min they were exposed to a fusion protein between wheat germ agglutinin
(WGA) and horseradish peroxidase (HRP). a–d Three planes of tomograms of cells
starved for 12 h lying ~80nm (a), ~72 nm (b), ~70 nm (c) and ~72 nm (d) apart are
shown. Red arrows point to the membrane of the nascent cilium, arrow heads to
tubular extensions. e, f Cells serum-starved for 4 h were included in the analysis.
The graph demonstrates that both nascent andmature cilia were labeled to a lower
degree in GRAF1-depleted cells (e). Pie charts depicting the frequency (in %) of
ciliogenesis stages, early to late stages are portrayed clockwise starting at the arrow
head (f). A knock-down of GRAF1 retards the development of primary cilia. n
indicates the number of tomograms from 1 experiment each for both time points.

g–i Cells serum-starved for 4 h were included in the analysis. A total of 12 tomo-
gramswere employed to determine the number ofWGA-HRP-labeledmembranous
structures around (g), and their distances to (h, i), the distal end of the mother
centriole, 3 each with unlabeled and labeled nascent cilia, after treatment of the
cells with a scrambled siRNA and an siRNA against GRAF1. No obvious differences
were seen for either parameter between cells in which the nascent cilium was not
labeled, and those inwhich thenascent ciliumwas labeled. Furthermore, the knock-
down of GRAF1 had no effect on the number and distances of WGA-HRP-labeled
membranous structures. Horizontal lines represent the respective mean values.
Statistical significance was determined by a two-sided Pearson’s chi-square test
(panel e), by a two-sided Mann–Whitney U test (panels g, h), and by a two-sided
unpaired Student’s t test (panel i). Bars: 200 nm.
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membrane compartment. In this case, vesicles contributing to cilio-
genesis would originate from the tubular recycling endosome. The
fact, that we could not detect a reduced number of WGA-HRP-labeled
membranous structures around the distal end of the mother centriole
upon the knock-down of GRAF1, indicates that the delivery of vesicles
to the centrosome is not impaired in the absence of GRAF1, although
we cannot formally rule out the possibility that the vesicles destined

for the mother centriole represent only a minor fraction of the overall
population of vesicles andwe thereforemissed an effect on this vesicle
population. In a third scenario, GRAF1 could cooperate with EHDs and
PACSINs at the developing ciliary membrane compartment itself and
may stabilize the partial and complete doughnut-shaped membrane
structure via its BAR domain. Such an interpretation is supported by
the finding that ciliogenesis progression towards partial doughnut-
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shaped membrane structures was compromised when GRAF1 was
depleted, suggesting that GRAF1 contributes to ring formation. The
precise role of Rab8a in this process remains to be elucidated. GRAF1
depletion impairs the recruitment of Rab8a to the nascent cilium and
the progression of ciliogenesis towards the partial doughnut stage, i.e.,
when Rab8a is located at the nascent cilium. These results argue that
GRAF1 acts upstream of Rab8a. On the other hand, the overexpression
of Rab8a failed to rescue the ciliogenesis defect caused by the deple-
tion of GRAF1 which argues that additional proteins and not Rab8a
alone are necessary for ciliogenesis to proceed in a regular fashion.

The Golgi apparatus supports ciliogenesis independently of
endocytotic processes
Inhibition of the Golgi apparatus by three small molecules resulted in
less ciliated cells, which strongly supports the involvement of this
organelle in the development of primary cilia. It is remarkable that
various proteins such as the golgins giantin99,100 and GMAP210 101 as
well as the intraflagellar transport component IFT20102 simultaneously
play a role during Golgi function and cilia assembly. In our experi-
ments, a collapseof theGolgi apparatus did not prevent the docking of
distal appendage vesicles and tubules. In agreement with this finding,
CP110 removal from the distal end of the mother centriole, which is
necessary for ciliogenesis following the distal appendage vesicle stage,
was not perturbed upon disruption of the Golgi apparatus, but the
centrosomal recruitment of Rab8a, that we have found to localize to
the developing ciliary membrane compartment from the partial
doughnut stage onwards, was inhibited.

The fact that WGA-HRP-labeled membranes still reached the
developing cilium after disruption of the Golgi apparatus argues
against the possibility that endocytosed membranes traffic retro-
gradely to the trans-Golgi network and reach the centrosomal region
from there. Such an interpretation is supported by our failure to find
WGA-HRP-labeled Golgi stacks in the vicinity of labeled nascent cilia,
but of coursewe cannot rule out that labeledGolgi stackswere present
outside of our tomograms. In addition, the combined knock-down of
GRAF1 and the BFA-mediated disruption of the Golgi apparatus
showed a stronger inhibitory effect on ciliogenesis than either treat-
ment alone. These findings argue that the Golgi apparatus and endo-
cytosis act independently of each other during ciliogenesis. At this
stage it is not possible to decide whether the lower number of ciliated
cells after disruption of the Golgi apparatus results from a reduced

delivery ofmembranematerial or from amisorientation of themother
centriole or both. Moreover, we do not know whether the mother
centriole is not properly oriented because ciliogenesis does not pro-
gress or if proper orientation is required for ciliogenesis to proceed.

In summary, our study provides conclusive evidence that both
GRAF1-dependent endocytotic processes and the Golgi apparatus
independently support ciliogenesis.

Methods
Plasmids
The cDNA for the GDP-locked mutant of human Rab5a [Rab5a (S34N)]
was kindly provided by Stefan Linder (University Medical Center
Eppendorf, Hamburg, Germany). The cDNA for human Rab11a was
PCR-amplified from HeLa cells. The cDNA for the GDP-locked mutant
of human Rab11a [Rab11a (S25N)] was kindly provided by Guiscard
Seebohm (University Hospital Münster, Münster, Germany). The cod-
ing regions of the respective cDNAs were cloned into pEGFP-C1
(Clontech). An expression plasmid for the GDP-locked mutant of rat
dynamin2 [dynamin2 (K44A) in pEGFP-N1] was kindly provided by
Mark A. McNiven44 (Mayo Clinic, Rochester, MN, USA). Expression
plasmids for human Rab8a in pEGFP-C1 and pmCherry-C1 were a kind
gift from Gislene Pereira19 (Center for Organismal Studies, University
of Heidelberg, Heidelberg, Germany). An expression plasmidencoding
the COOH-terminal fragment of rat AP180 (isoform X2, aa 514-897) in
pEGFP-C3was a kindgift fromHarveyT.McMahon (MRCLaboratoryof
Molecular Biology, Cambridge, UK)46. The cDNA for human EPS15 was
kindly provided by Alexandre Benmerah (INSERM, Paris, France) and
was used to clone a truncated version lacking amino acids 1-528 [EPS15
(DIII)] into pEGFP-C1. The cDNA for human caveolin1 was kindly pro-
vided by Jeffrey E. Pessin (University of Iowa, Iowa City, Iowa, USA) and
cloned intopEGFP-N1. Thepointmutation P132Lwas generatedby site-
directed mutagenesis. A truncated version of caveolin1 lacking amino
acids 1-81 [caveolin1 (ΔN1-81)-EGFP] was generated using a PCR-based
strategy again in pEGFP-N1. pMXs-Puro-ARHGAP26 containing the
cDNA for human GRAF1 (splice version GRAF1b) was a gift from Axel
Hillmer (Addgene plasmid # 69467; http://n2t.net/addgene:69467;
RRID:Addgene_69467). The coding region of GRAF1 was cloned into
pEGFP-C1 and into an expression plasmid for a fusion protein with
mRuby3. A mutant of GRAF1 resistant to RNA interference [GRAF1
(rescue)] was generated by site-directedmutagenesis and contains five
silent point mutations. All constructs were confirmed by sequencing.

Fig. 8 | Involvement of the Golgi apparatus in the formation of primary cilia.
a–c RPE1 cells were first treatedwith the substances brefeldin A (BFA),monensin or
30N12 for 2 h in the presence of serum and then for the indicated periods of time in
serum-free medium. The number of ciliated cells was reduced significantly com-
pared to the respective solventsmethanol, ethanol andDMSO. n = 4 (panel c) and 7
(panels a, b) independent experiments. d RPE1 cells were treated with a scrambled
siRNA or an siRNA against GRAF1. Forty-eight h later the cells were serum-starved
for 24h in the presence of methanol or BFA. The combination of GRAF1 depletion
and BFA treatment increased the inhibitory effect on cilia formation compared to
each treatment alone.n = 6 independent experiments. eRPE1 cells stablyproducing
centrin1-EGFP were first incubated for 2 h with methanol or BFA in the presence of
serum and an additional 8 h in its absence. Treatment with BFA hadno effect on the
abundance of cells with only a single centrosomal dot of CP110. n = 5 independent
experiments. f RPE1 cells stably producing EGFP-Rab8a were incubated for 2 h with
methanol or BFA in the presence of serum and an additional 4 h in its absence. The
number of cells in which Rab8a accumulated at the centrosome was reduced upon
BFA treatment. n = 5 independent experiments. gRPE1 cellswerefirst incubated for
2 h with methanol or BFA in the presence of serum and an additional 24 h in its
absence. The simultaneous treatment with 50nM of cytochalasin D at the time of
serum deprivation rescued the negative effect on ciliogenesis of a single treatment
with BFA. Ethanol as the solvent for cytochalasin D served as a negative control.
n = 4 independent experiments. h–n RPE1 cells stably producing centrin1-EGFP
were first incubated for 2 hwithmethanol or BFA in the presenceof serumand then
an additional 4 h in its absence. For the last 15min, the cells were exposed to a

fusion protein between wheat germ agglutinin (WGA) and horseradish peroxidase
(HRP). Three planes lying ~80 nm (h), ~60 nm (i), ~55 nm (j) and ~60 nm (k) apart are
shown for each tomogram, red arrows point to the membrane of the nascent
cilium, the arrow head to a tubular extension. l Pie charts depicting the frequency
(in %) of ciliogenesis stages, early to late stages are portrayed clockwise starting at
the arrow head. Treatment of RPE1 cells with BFA retards the development of
primary cilia. n indicates the number of tomograms from 1 experiment.m The bar
graph demonstrates that nascent and mature cilia were labeled with WGA-HRP to
the samedegree both inmethanol- and BFA-treated cells. n indicates the number of
tomograms from 1 experiment. nOrientation of the mother centriole in RPE1 cells.
Positive angles indicate an orientation of the distal end of the mother centriole
towards the apical cell membrane, negative angles towards the basal cell mem-
brane. The distal end of the mother centriole points towards the basal cell mem-
brane after treatment with BFA. Boxes represent the interquartile range, the line
inside a box indicates the median of the dataset, and the whiskers extend from the
edges of a box to the first and third quartiles, but no further than 1.5 times of the
interquartile range.n = 37 (methanol-treated cells) and 68 (BFA-treated cells) from 1
experiment. In graphs a–g, the red horizontal lines represent the mean values.
Statistical significance was determined by a two-sided unpaired Student’s t test (0-
hr and 4-hr timepoints in panel a, panelsb, c), by a two-sidedMann–WhitneyU test
(24-hr time point in panel a, panels e, f, n), by one-way ANOVA followed by Tukey’s
test (panels d, g), and by a two-sided Pearson’s chi-square test (panel m).
Bars: 200 nm.
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Antibodies
The following primary antibodies were used for indirect immuno-
fluorescence: rabbit polyclonal anti-Arl13b antibody (diluted 1:2,000;
Proteintech, cat. no. 17711-1-AP), mouse monoclonal anti-γ-tubulin
antibody GTU-88 (diluted 1:2,000; Sigma-Aldrich, cat. no. T6557), and
mouse monoclonal anti-CP110 antibody 140-195-5 (diluted 1:500;
Sigma-Aldrich, cat. no. MABT1354). The following primary antibodies
were used for Western blot analysis: rabbit polyclonal anti-ARHGAP26
antibody (diluted 1:100; Sigma-Aldrich, cat. no. HPA035107), rabbit
polyclonal anti-EGFP antibody (1:1,500; Invitrogen, cat. no. A-6455),
andmousemonoclonal anti-actin antibodyC4 (1:1,000; Sigma-Aldrich,
cat. no. MAB1501). Secondary antibodies for immunofluorescence
analysis were Alexa Fluor 350-coupled anti-mouse IgG (diluted 1:80;
Invitrogen, cat. no. A11045), Alexa Fluor 488-coupled anti-rabbit IgG
(diluted 1:600; Invitrogen, cat. no. A11034), Alexa Fluor 568-coupled
anti-mouse IgG (diluted 1:600; Invitrogen, cat. no. A10037), Alexa Fluor
568-coupled anti-rabbit IgG (diluted 1:600; Invitrogen, cat. no.
A10042). Secondary antibodies for Western blot analysis were horse-
radish peroxidase-coupled anti-mouse IgG (diluted 1:15,000; Sigma-
Aldrich, cat. no. A3682) and horseradish peroxidase-coupled anti-
rabbit IgG (diluted 1:70,000; Sigma-Aldrich, cat. no. A0545).

Cell culture
Human telomerase reverse transcriptase (hTERT)-immortalized retinal
pigment epithelial (RPE1) cells, stably transfected hTERT-RPE1 cells
constitutively producing centrin1-EGFP21 (a kind gift of Gislene Pereira,
Center for Organismal Studies, Heidelberg, Germany) and other stably
transfectedhTERT-RPE1 cell lines generated in this studywerecultured
in DMEM/Ham’s F12 medium supplemented with 10% fetal calf serum,
2 mM L-glutamine and 0.348% sodium bicarbonate (RPE1 cells for
short in this manuscript). All cell lines were grown at 37 °C under
humidified conditions and 5% CO2. RPE1 cells were transiently trans-
fected with plasmid DNA using Fugene 6 (Promega) according to the
manufacturer’s protocol and serum-starved 24 h later for up to 24 h
before being fixed. To generate stably transfected RPE1 (centrin1-
EGFP) cells additionally producing mCherry-Rab8a, transfection was
performed together with the plasmid pWE3 (ATCC plasmid# 87673)103

carrying the puromycin resistance gene to allow subsequent selection
with 2 µg/ml of puromycin for ~2 weeks. After FACS sorting by the BD
FACSAria™ IIu cell sorting system, single clones were obtained by
limiting dilution and analyzed by fluorescence microscopy. To gen-
erate a stably transfected RPE1 cell line constitutively producing EGFP-
Rab8a, cells were transfected and selected with 800 µg/ml of G418 for
~2 weeks. Single clones were picked and analyzed by fluorescence
microscopy. All cell lines were confirmed to be free of mycoplasma on
a regular basis.

Chemicals and inhibition assays
To inhibit endocytosis, endosomal trafficking, the actin cytoskeleton,
and to disrupt the Golgi apparatus RPE1 cells were serum-deprived to
induce cilia formation 48 h after plating. The following inhibitors were
used: 40 µMdynasore (Sigma-Aldrich, cat. no. D7693) or 0.08%DMSO,
50 nM bafilomycin A1 (Sigma-Aldrich, cat. no. SML1661) or 0.03125%
DMSO, 3 µM wortmannin (Sigma-Aldrich, cat. no. W3144) or 0.03%
DMSO, 50 nM cytochalasin D (Sigma-Aldrich, cat. no. C8273) or
0.0025% ethanol, 0.5 µg/ml of brefeldin A (Sigma-Aldrich, cat. no.
B6542) or 0.005% methanol, 2 µM monensin (Sigma-Aldrich, cat. no.
M5273) or0.02%ethanol, 1 µM30N12 (Chembridge, cat. no. 5175331) or
0.01% DMSO. To disrupt the Golgi apparatus, cells were incubated for
2 h with brefeldin A, 30N12 and monensin in the presence of serum
followed by an incubationwith the inhibitors for the indicated times in
the absenceof serum.Theother compoundswere added togetherwith
the serum-free medium. Cells were fixed following the indicated per-
iods of time after serum starvation and incubation with the respective
compound or solvent.

Fig. 9 | Revised model depicting the ultrastructural stages of the intracellular
pathway of ciliogenesis. Vesicular and tubular structures associate with distal
appendages of the mother centriole to form distal appendage vesicles and tubules
(DAVs and DATs). These distal appendage vesicles and tubules fuse side by side,
thereby developing into partial and complete doughnut-shaped membrane struc-
tures. Subsequently the cavity in the center is filled resulting in a bi-concave
structure, out of which hood- and cap-like structures form. It is not clear whether
ciliogenesis proceeds necessarily through the hood stage or whether the cap stage
directly follows the bi-concave stage. GRAF1 and the Golgi apparatus act upstream
of Rab8a during establishment of a ring-shaped ciliary membrane structure. From
the partial doughnut stage onwards, tubular extensions of the nascent cilium can
be observed. The mother centriole is drawn in gray and ciliary membrane struc-
tures in red. The left panel shows a longitudinal section and the right panel a
corresponding three-dimensional view.
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RNA interference
RPE1 and RPE1 (centrin1-EGFP) cells were transfected with 10 nM (final
concentration) siRNA oligonucleotides using Lipofectamine RNAiMAx
(Invitrogen) according to the manufacturer’s instructions. Cells were
lysed or serum-starved 48 h after transfection and fixed 0, 12 or 24 h
after serum deprivation. Silencer Select siRNAs were purchased from
Invitrogen and targeted the following sequences: human
Cep164 siRNA, 5’CAGGTGACATTTACTATTTCA-3’81, and human
GRAF1 siRNA, 5’-CTCATGATGTACCAGTTTCAA-3‘ (modified from58).
As a negative control, non-targeting Silencer Select Negative Control
No. 1 siRNA was used (Invitrogen).

For rescue experiments RPE1 cells were transiently transfected
with the plasmid pEGFP-C1/GRAF1 (rescue). The next day cells were
transfected with the respective siRNAs. After 24 h cells were serum-
deprived for another 24 h before being fixed or lysed.

Cell lysis and Western blot
RPE1 cells were resuspended in RIPA buffer [50mM Tris-HCl pH 8.0,
150mM NaCl, 1% IGEPAL, 1% sodium deoxycholate, 0.1% SDS, 1 mM
EDTA, 1mM DTT, 2mM Na3VO4, 1 mM PMSF, complete EDTA-free
protease inhibitor cocktail (Roche)] and incubated on a rotating
wheel for 20min at 4 °C before being centrifuged for 15min at
21,500 g. The supernatant was recovered and the protein con-
centration determined with Bradford reagent (Roti-Quant, Roth).
Aliquots of the lysates were boiled in SDS sample buffer and sepa-
rated by SDS-PAGE. After transfer to a PVDF membrane, proteins of
interest were detected with the respective antibodies and visualized
by chemiluminescence (WesternBright Chemilumineszenz Substrat
Quantum, Biozym Scientific) using a Fusion-FX7 imaging system
(Vilber Lourmat). Uncropped and unprocessed scans of the blots are
provided in the Source Data file.

Indirect immunofluorescence
Cells were grown on 10mm coverslips, fixed for 20min in 1x PBS, 4%
paraformaldehyde, quenched for 10min in 1x PBS, 50mM NH4Cl and
permeabilized for 5min in 1x PBS, 0.1% Triton X-100. After blocking for
30min with 1x PBS, 0.5% BSA, 0.1% Triton X-100, cells were incubated
for 1 h at 37 °C with the primary antibody. Specific staining was
detected by incubating for 30min at room temperature with Alexa
Fluor–conjugated secondary antibodies. DNA was stained with 0.5 µg/
ml of Hoechst 33258 in 1x PBS. Only 1.7 ng/ml of Hoechst 33258 was
used when Alexa 350-secondary antibodies were applied. Coverslips
weremounted on glass slides in Mowiol 4-88. Images were acquired as
z stacks with 0.4 µm steps using an inverted microscope (Axiovert
200M, Carl Zeiss) equipped with a 40x Fluar NA 1.3 oil immersion
objective (Carl Zeiss), a 63x Plan Apochromat NA 1.4 oil immersion
objective (Carl Zeiss), a sCMOS pco.edge camera (PCO AG) and Visi-
View software (Visitron Systems GmbH). At least four fields per con-
dition were imaged from two different coverslips. Analysis of
fluorescence images and quantification of cilia was manually con-
ducted with Fiji/ImageJ104,105.

Correlative light and electron microscopy (CLEM)
RPE1 (centrin1-EGFP, mCherry-Rab8a) cells and RPE1 (centrin1-EGFP)
cells transiently expressing mCherry were grown at a low density on
gridded glass bottom dishes with an alphanumerical code (MatTek) to
allow for the subsequent identification of specific cells in Epon blocks
and sections. Cells were fixed for 30min at room temperature with 4%
paraformaldehyde in0.1M sodiumcacodylate pH 7.4 and kept in0.1M
sodium cacodylate pH 7.4 during light microscopy. Regions with
optimal cell density were documented with an Axiovert 200M
microscope (Carl Zeiss) equipped with a 40x Fluar NA 1.3 oil immer-
sion objective (Carl Zeiss). Seventeen planes spanning a total of 6.4 µm
in the z axis were typically recorded. Brightfield images were taken
with a 16x Plan-Neofluar NA 0.5 oil immersion objective (Carl Zeiss).

After light microscopy, cells were additionally fixed for 5min at room
temperature with 2% glutardialdehyde in 0.1M sodium cacodylate pH
7.4 and another 55min or overnight on ice. The cells were contrasted
for 30min at 4 °Cwith 1% OsO4 in 0.1M sodium cacodylate pH 7.4 and
overnight at 4 °C with a 1% aqueous uranyl acetate solution. Finally
cellswere embedded in Epon. Fluorescence imageswere analyzedwith
Fiji/ImageJ104,105 to identify centrosomal regions. After selected regions
of interest were relocated in the Epon block based on the pattern from
the dish’s gridded bottom, 600nm thick serial sections were prepared
in parallel to the basal surface of the cell layer using a ‘histo’ type 8mm
diamond knife with an angle of 45° (Diatome, Switzerland) on an
ultramicrotome EM UC6 (Leica Microsystems). Sections were col-
lected on pioloform-coated copper 2 × 1mm slot grids (Plano,
Wetzlar).

Re-identification of centrosomal regions of interest from fluor-
escence imaging in electron microscopic micrographs
Cells previously imaged by fluorescencemicroscopywere re-identified
in the electronmicroscopebyusing the alphanumeric grid pattern, the
outlines of the cell, the shape and position of the nuclei, and the het-
erochromatin structures. To ensure that themCherry-Rab8a signalwas
indeed located close to the distal end of the mother centriole, tomo-
grams were appropriately rotated to align brightfield, fluorescence
and transmission electron micrographs. For better visualization,
overlays between fluorescence images and STEM tomograms were
generated by eC-CLEM25, a software plugin of the Icy platform106, with
the two centrioles serving as landmarks. For each overlay between
fluorescence image and STEM tomogram the correlation accuracy was
calculated22.

WGA-HRP uptake and CLEM
RPE1 (centrin1-EGFP) cells were grownat a lowdensity on griddedglass
bottom dishes (MatTek). For depletion experiments, cells were trans-
fected with siRNA during seeding as described above and serum-
starved 48h later for 4 or 12 h. When the Golgi apparatus was dis-
rupted, cells were treated with 0.005% methanol or 0.5 µg/ml of BFA
for 2 h inmediumwith serumbefore they were serum-deprived for 4 h
in the presence of methanol or BFA. For each condition, cells were
incubated for the last 15minof serumstarvationwith 30 µg/ml ofWGA-
HRP (Vector Labs, cat. no. PL-1026-2) at 37 °C. Cells were fixed for
30min at room temperature in 4% paraformaldehyde, 0.1M sodium
cacodylate pH 7.4. To visualize nuclei, cells were stained for 8min at
room temperature with 170 ng/ml of Hoechst 33342 in 0.1M sodium
cacodylate pH 7.4. Light microscopy was carried out in 0.1M sodium
cacodylate pH 7.4 as described above. Subsequently cells were fixed
for 5min at room temperature and then overnight at 4 °C in 2% glu-
tardialdehyde, 0.1M sodium cacodylate pH 7.4. To visualize perox-
idase activity, cells were incubated at constant agitation for 15min on
ice with 0.5mg/ml of diaminobenzidine in 50mM Tris-HCl pH 7.6 in
the dark. Then H2O2 was added to a final concentration of 0.02% and
cells were incubated another 30min. Finally, cells were contrasted for
30min at4 °Cwith 1%OsO4, 0.1M sodiumcacodylate pH7.4and for 1 h
at 4 °Cwith 1% aqueous uranyl acetate, dehydrated in a graded ethanol
series and embedded in Epon. Fluorescence images were analyzed and
centrosomal regions with not more than two centrin1-EGFP-positive
centrioles were selected for further three-dimensional investigation.
Samples in resins were processed and 900nm thick sections prepared
as mentioned earlier.

High-pressure freezing and freeze substitution
Samples were prepared essentially as described in ref. 107. RPE1
(centrin1-EGFP) cells were plated on carbon-coated and glow-
discharged sapphire disks with a diameter of 3mm and a thickness
of 160 µm (Wohlwend GmbH, cat. no. 500). Two days later cells were
serum-deprived for 4 h before being frozen with a HPF compact 01
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high-pressure freezer (Wohlwend GmbH). Samples were then freeze-
substituted in an acetone solution containing 0.2% osmium tetroxide,
0.1% uranyl acetate and 5% H2O using the EM AFS2 (Leica Micro-
systems). The cells were finally embedded in Embed-812 (Science
Services, cat. no. E14900) before sections were prepared for STEM
tomography.

Scanning transmission electron microscopy (STEM) and elec-
tron tomography
Cells previously documented by fluorescence microscopy were re-
located by transmission electron microscopy using a JEM-2100F field
emission electronmicroscope operated at 200 kV (JEOL).Micrographs
of differentmagnifications were recordedwith a TemCamF416 camera
(TVIPS) that was operated with the software EM-MENU 5 (TVIPS).
Correlationof transmission electronmicrographswith brightfield light
microscopy and fluorescence images using the TVIPS CLEM software
facilitated the re-identification process of centrosomal regions in thick
Epon sections. To increase the electrical conductivity of specimens
during STEM tomography, a carbon layer of ~3 nm thickness was
applied to the Epon sections by a high vacuum carbon coater (208
Carbon Turbo; Cressington Scientific Instruments). Colloidal protein
A-gold particles with a diameter of 15 nm (purchased from George
Posthuma, University of Utrecht, Netherlands) were applied to both
sides of the grids to serve as fiducial markers for alignment during the
reconstruction process22,23. After plasma cleaning (PDC-3XG Harrick
Plasma), tilt series were recorded by STEM tomography23 with a
nominal magnification of 80,000x, 120,000x and 200,000x. Pixel
sizes (and thus the STEM step sizes) were 6.69, 2.23, and 1.34 nm,
respectively, and thefields of viewwere ~6.85, 4.6or 2.7 µmin the x and
y directions, respectively. The line profile of the electron beam at the
chosen condensor settings was ~4 nm (full width at half maximum)
with a semi-convergence angle of 1.46 mrad. A series of 90 images
from +66° to −66° (non-linear increment, Saxton scheme)23 was
recorded using a STEM bright-field detector (JEOL), a Universal Scan
Generator (TVIPS) and the software EM-TOOLS (TVIPS). Dual-axis
STEM tomograms with a nominal magnification of 120,000x and
200,000x were additionally recorded for selected sample areas23.
Three-dimensional reconstructions were calculated with IMOD
(4.12)108 using fiducial markers for alignment. Tomograms were gen-
erated by weighted back projection including a SIRT (simultaneous
iterative reconstruction technique)-like filter equivalent to 15
iterations.

Tomogram segmentation to generate 3D models of nascent
primary cilia
Raw tomographic data were binned 2 × 2 using IMOD108 and slices
outside the sample volume were removed. The following structures of
the nascent primary cilia were highlighted by manual segmentation
using the AMIRA software package (Thermo Fisher Scientific): cen-
triolar and axonemal microtubules, intracentriolar vesicles, subdistal
appendages, distal appendages,membrane structures docked to distal
appendages, filamentous connections between distal appendages and
docked membrane structures, membrane structures touching other
membrane structures, membrane structures connected to other
membrane structures via filaments, filamentous connections between
membrane structures, and the plasma membrane. Constrained
smoothing was applied using the factor 1.5.

Quantitative analysis of tomograms
The number of WGA-HRP-labeled membranous structures
(excluding the membranous material of the nascent cilium itself)
around, and their shortest distance to, a reference point in the
mother centriole were analyzed in reconstructed tomograms using
the Dragonfly image analysis software (version 2025.1). Using the
annotation tool, a reference point was defined in the center at the

distal end of the mother centriole. A sphere with a radius of 500 nm
around the reference point was generated and the subsequent
analysis restricted to the distal half of the sphere (corresponding to
a volume of 2.6 × 108 nm3) so that only membranous structures
located on the distal side of the centriole were included. Every
membranous structure intersecting with the distal half of the
sphere was segmented using the SAM Model109 integrated in Dra-
gonfly. Segmentations were manually inspected in every x–y plane
of the tomogram and a connected components analysis was per-
formed for eachmembranous structure to remove outlying labeled
pixels. Then a distance map was created for the membranous
structures, and the shortest distance to the reference point deter-
mined using the Probe tool.

Angle measurements
Angles between the longitudinal axis of the mother centriole and the
sectional plane were measured using the AMIRA software package
(Thermo Fisher Scientific). Only tomograms that contained complete
mother centrioles were included. Raw data of reconstructed tomo-
grams with a nominal magnification of 80,000x or 200,000x were
binned 2 × 2 with IMOD108. Two anchoring points in the center of the
mother centriole were positioned at its distal and its proximal end and
connected by interpolation. The correct position of this line in the
center of themother centriole was verified in all three views (xy, xz, yz)
and accordingly adjusted if required. The angle between this line and
the sectional plane was measured with the angle measurement tool in
different views after which the lowest value was considered. Angles of
mother centrioles whose distal end was directed towards the apical
plasma membrane were given a positive sign, while angles of mother
centrioles whose distal end pointed towards the basal plasma mem-
brane received a negative sign.

Statistical analysis
Statistical analysis was performed using SPSS. To test for normal dis-
tribution, the Shapiro–Wilk test was applied. When two normally dis-
tributed data sets were compared, a two-tailed unpaired Student’s t
test was used. In the case of two data sets which were not normally
distributed, a Mann–Whitney U test was employed. When more than
two normally distributed datasets were compared, one-way ANOVA
followedbyDunnett’s or Tukey’s post hoc test wasused. Pearson’s Chi-
square test was applied when the distribution of a categorical variable
was compared between two samples.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.
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